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E-mail address: nils.f@bmb.sdu.dk (N.J. FærgemanThe nematode Caenorhabditis elegans (C. elegans) has during the last decade emerged as an invalu-
able eukaryotic model organism to understand the metabolic and neuro-endocrine regulation of
lipid accumulation. The fundamental pathways of food intake, digestion, metabolism, and signalling
are evolutionary conserved between mammals and worms making C. elegans a genetically and met-
abolically extremely tractable model to decipher new regulatory mechanisms of lipid storage and to
understand how nutritional and genetic perturbations can lead to obesity and other metabolic dis-
eases. Besides providing an overview of the most important regulatory mechanisms of lipid accumu-
lation in C. elegans, we also critically assess the current methodologies to monitor lipid storage and
content as various methods differ in their applicability, consistency, and simplicity.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The worldwide increase in the prevalence of obesity has inten-
siﬁed the search to identify genes and metabolic pathways that
control the development, differentiation, and function of fat-
storing tissues. Obesity is a complex disease resulting from a com-
bination of genetic susceptibility, increased caloric intake, and the
sedentary life style in modern society. Although the combined ac-
tion of disease susceptibility genes and environmental risk factors
cannot easily be distinguished, the major factor in determining
body weight has been estimated to be due to genetic factors. While
key regulators of lipid metabolism have been identiﬁed by
biochemical and molecular approaches using mammalian modelchemical Societies. Published by E
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).systems, invertebrate genetic model systems including the nema-
tode Caenorhabditis elegans (C. elegans) have accelerated the discov-
ery of new genes important to maintain lipid homeostasis. The
common ancestry of the known regulatory genes which function
in mammalian and C. elegans lipid metabolism suggest that novel
genes identiﬁed in C. elegans have a similar role in human lipid
homeostasis. Here, we have outlined the major regulatory mecha-
nisms involved in the regulation of lipid storage in C. elegans. Addi-
tionally, we describe the many different methodologies used to
investigate fat accumulating phenotypes, as well as the advantages
and caveats associated with each method.2. Fatty acid synthesis and dietary uptake in C. elegans
Like other organisms C. elegans obtains fatty acids through
endogenous synthesis or through intestinal digestion of dietary lip-
ids. Acetyl-CoA carboxylase, encoded by pod-2, catalyzes the car-
boxylation of acetyl-CoA to generate malonyl-CoA, which, along
with acetyl-CoA, is the substrate for synthesis of medium- and
long-chain fatty acids that is driven by the fatty acid synthase, en-
coded by fasn-1 or phi-46. The primary product of fatty acid syn-
thesis is palmitic acid, however, monomethyl branched-chain
fatty acids are generated by fatty acid synthase when isobutyryl-
CoA is used as primer instead of acetyl-CoA [1–3]. Using heavylsevier B.V. All rights reserved.
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mass spectrometry (MS) Perez and Van Gilst [4] have shown that
de novo fatty acid synthesis in C. elegans accounts for only 7%
of the level of palmitic acid and 5% of palmitoleic acid and vac-
cenic acid, whereas de novo synthesis provides approximately
20% of oleic acid and polyunsaturated fatty acids (PUFAs). In con-
trast, isoC15 and isoC17 monomethyl branched-chain fatty acids
are almost exclusively de novo synthesized.
The threeD9 desaturases found within the genome of C. elegans,
FAT-5, FAT-6, and FAT-7, synthesize monounsaturated fatty acids
(MUFAs), which are abundant components of triglycerides and
phospholipids in C. elegans and thus important as both energy stor-
age molecules and membrane components. FAT-5 is speciﬁc for
palmitic acid, while FAT-6 and -7 show a preference for stearic
acid. Deletion of all three D9 desaturase genes is lethal, while dele-
tion of just one yields phenotypes that are relatively subtle due to
compensatory mechanisms by the remaining two. The fat-6;fat-7
double mutant is viable but exhibits decreased fat storage, slow
growth, and reduced brood size. Since MUFAs are the preferred
substrate for triglyceride synthesis, it would be expected that the
low-fat phenotype of the double mutant is a result of reduced
synthesis. However, it has been shown that this mutant up regu-
lates the expression of b-oxidation genes as seen in D9 desatur-
ase-deﬁcient mice [1,5–7].
C16- and C18-fatty acid species are elongated to produce long-
chain fatty acids. Elongation occurs through an elongation/decar-
boxylation cycle, where two-carbon units are sequentially con-
densed onto long-chain acyl-CoA precursors. The C. elegans
genome encodes nine elongases, elo-1 to -9, however, only elo-1,
-2, -5, and -6 have been described in detail. ELO-1 is expressed in
the digestive system, hypodermis, and several muscles and elon-
gates primarily X6 and X7 C18-fatty acids [3], whereas ELO-2 is
ubiquitously expressed with high expression in the intestine and
prefers C16 fatty acids [8]. Knock down of elo-1 causes changes
in fatty acid composition but does not grossly affect the animals,
whereas knock down of elo-2 causes growth- and reproductive de-
fects as well as metabolic changes, likely partly due to accumula-
tion of palmitic acid [8]. ELO-5 and ELO-6 are expressed in the
intestine and in head neurons and are, along with LET-767, in-
volved in elongation of isoC13 fatty acids to form isoC15 and isoC17
fatty acids [2,9].
Dietary intestinal uptake of fatty acids in C. elegans is associated
with the interplay between the protein-coupled peptide trans-
porter PEPT-1 and the sodium-proton exchanger NHX-2 [10]. Func-
tional loss of PEPT-1 results in decreased intestinal proton inﬂux,
subsequently resulting in increased ﬂip-ﬂop and uptake of fatty
acids and increased fat storage staining, while loss of NHX-2 func-
tion results in increased intracellular acidiﬁcation and nearly com-
plete loss of fatty acid import and a reduced fat accumulation. A
recent study by Brooks et al. demonstrated that different bacterial
diets inﬂuence triglyceride storage as well as fatty acid composi-
tion and carbohydrate content in C. elegans [11], which was as-
cribed to depend on PEPT-1 function rather than known neuro-
endocrine fat-regulatory pathways or other eating deﬁciencies.
This is consistent with the fact that C. elegans obtains a large per-
centage of its fatty acids directly from dietary absorption as de-
scribed above [4]. That the bacterial diet is important for
triacylglycerol (TAG) levels in C. elegans is substantiated by the fact,
that a vaccenic acid (C18:1n7)-poor diet reduces TAG levels in C.
elegans [12].
In yeast, bacteria, and mammalian cells, import and activation
of exogenous fatty acids have been proposed to drive fatty acid up-
take in a process coined vectorial acylation [13,14]. While fatty
acid transport proteins (FATPs) have been demonstrated to facili-
tate transport of fatty acids into yeast and mammalian cells, the
role of their worm counterparts in fatty acid uptake in C. elegansis yet to be elucidated. Among the two C. elegans FATP family mem-
bers (ACS-20 and ACS-22) ACS-22 has been shown to facilitate up-
take of a BODIPY-labelled fatty acid when expressed in COS cells
[15]. Conversely, loss of acs-20, and to a lesser extent acs-22, se-
verely impairs surface barrier function and incorporation of C26
very long-chain fatty acids into sphingomyelin [16]. The impaired
surface permeability of acs-20 animals could not only be rescued
by expression of both acs-20 and acs-22, but also of human FATP4.
Both ACS-20 and FATP4 localize to intracellular ER-like structures
rather than to the plasma membrane when expressed in C. elegans.
Therefore, ACS-20 and ACS-22 have been suggested to be func-
tional homologues of mammalian FATP4 being involved in surface
barrier function and intracellular fatty acid activation rather than
fatty acid uptake per se. The glycoprotein CD36 has also been
shown to promote fatty acid uptake in mammalian cells [17], how-
ever, the roles of the two CD36 homologues encoded by Y49E10.20
and Y76A2B.6 in C. elegans are unknown.
Once imported, fatty acids and acyl-CoA esters are proposed to
be sequestered and transported by intracellular binding proteins,
facilitating their intracellular utilization, storage, and signalling
functions. C. elegans contains at least 10 members of the fatty acid
binding protein family (lbp-1 to lpb-9 and EEED8.3), 8 members of
the fatty acid- and retinoid-binding protein family (far-1 to far-8
[18,19]) and 8 members of the acyl-CoA binding protein family
(acbp-1 to acbp-7 and maa-1 [20]). Among the ACBP family each
of the members, except from ACBP-7, contains all the amino acids
required for binding and proper protein folding [21], however, only
ACBP-1 has been reported to be required for TAG storage in C. ele-
gans [22].3. Nutrient sensing pathways regulating lipid storage
3.1. DAF-2/insulin-like signalling; a key metabolic regulator in
C. elegans
In C. elegans, insulin/IGF-I like signalling has been identiﬁed to
be a central regulator of macronutrient storage including accumu-
lation of lipids. During conditions that allow growth and reproduc-
tion, the insulin receptor, DAF-2, is activated by binding of an
insulin-like ligand, which activates the phosphoinositide-3-kinase,
AGE-1, and via generation of PIP3, recruits AKT-1, AKT-2, SGK-1,
and PDK-1 to the plasma membrane. This phosphorylation cascade
ultimately leads to phosphorylation of DAF-16, the homologue of
human FoxO, to prevent its nuclear translocation and downstream
signalling [23–25]. Loss of the insulin receptor, encoded by the daf-
2 gene, during development has been shown to result in a fat accu-
mulating phenotype in L4 larvae worms, which was later found to
be primarily due to an increased de novo synthesis and to a lesser
extent increased fatty acid uptake [4]. The increased fatty acid up-
take may be due to decreased expression of pept-1, which has been
shown to negatively affect fatty acid uptake [10] and to be regu-
lated by DAF-16 [26]. Conversely, RNAi against daf-2 from adult-
hood only has been shown to decrease lipid storage as assessed
by Nile Red ﬂuorescence [27]. DAF-16 is dephosphorylated in the
absence of DAF-2 activation and translocates into the nucleus,
where it modulates expression of several target genes involved in
metabolism, life span regulation, dauer formation, and stress re-
sponses, which eventually determine the phenotypic outcome
[28]. Hence, mutations in daf-16 have been shown to almost com-
pletely rescue the characteristic phenotypes of the daf-2 mutant,
including fat storage, dauer entry, life span, and stress resistance
[22,29,30].
The fat accumulating phenotype of the insulin receptor mutant
seems unanticipated given the inhibitory effect of insulin on lipol-
ysis of triglycerides in adipocytes and its stimulatory effects on
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nalling on overall organismal fat accumulation in mammals is tis-
sue speciﬁc, since speciﬁc knock out of the insulin receptor in
neurons and muscles results in a fat accumulating phenotype
while knock out in adipocytes leads to a decrease in fat accumula-
tion [31].
3.2. DAF-7/TGF-b-like signalling as a regulator of fat accumulation
Under amble nutritional conditions DAF-7, a TGF-blike ligand,
is produced in the ASI neurons of C. elegans. By binding to the TGF-
b receptor complex homologues DAF-1 and DAF-4 in RIM and RIC
interneurons, DAF-7 signals to inhibit the receptor associated co-
SMAD DAF-3. Subsequently, DAF-3 regulates various responses
including feeding rates through tyraminergic and octopaminergic
signalling and peripheral lipid synthesis and storage through glu-
tamanergic receptors MGL-1 and MGL-3 in head neurons [32].
However, under adverse environmental and nutritional conditions,
daf-7 expression is reduced and down regulation of TGF-b signal-
ling triggers entry into the alternative third larval dauer stage.
Thus, daf-7 mutants phenocopy dauer arrested animals and are
characterized by reduced feeding rates and increased fat accumu-
lation [32,33]. The facts that incorporation of 13C-labelled carbon
sources into fatty acids is increased in daf-7 mutants and knock
down of fasn-1, encoding fatty acid synthase, normalizes fat accu-
mulation suggest that the fat phenotype of daf-7 animals is due to
increased de novo fatty acid synthesis [32].
3.3. Serotonin is an important regulator of fat metabolism and feeding
C. elegans has proven to be an important model system in
understanding the molecular mechanisms governing serotonin
mediated signalling [34,35]. Serotonin synthesis is restricted to
neurons in C. elegans, and this neurotransmitter is synthesized
from tryptophan through a two step process involving the action
of the tryptophan hydroxylase TPH-1, and an aromatic L-amino
acid decarboxylase. Animals with impaired TPH-1 function are
unable to synthesize serotonin and show reduced feeding rate
and increased fat accumulation [22,36]. Conversely, exogenously
supplied serotonin results in diminished fat accumulation and in-
creased feeding rates [35]. While the effects of serotonin on feeding
rates are mediated by the G-protein coupled receptors SER-1 and
SER-7, its effect on fat accumulation is dependent on MOD-1 and
SER-6, encoding a serotonin gated chloride channel and a G-pro-
tein coupled receptor, respectively [35]. Serotonin treatment
induces up regulation of b-oxidation genes and accordingly the
fat reducing effect of serotonin is ablated when these genes are
knocked down. These observations support the notion that seroto-
nin regulates fat accumulation, at least in part by promoting b-
oxidation in peripheral tissues through the action of mod-1 and
ser-6 [35]. The observations that functional loss of DAF-3 sup-
presses the high fat phenotype of a tph-1 null mutant as well as
DAF-7 expression is dependent on serotonin synthesis argue that
DAF-7 and serotonin signalling are functionally linked [36].
3.4. Target of rapamycin complex 2 regulates fat storage in C. elegans
The target of rapamycin (TOR) kinase, which has been estab-
lished as an important metabolic regulator in diverse eukaryotic
model systems, is known to be present in two functionally distinct
protein complexes, TORC1 and TORC2 [37]. The C. elegans homo-
logue of human Rictor RICT-1, is an essential component of the
TORC2 complex and has recently been shown to regulate lipid stor-
age in C. elegans [38,39]. Using lipid dyes and GC–MS it has been
shown that rict-1 mutants have increased fat storage [38,39]. RNAi
against other components of TORC2, lst-8 and sinh-1, give rise to fataccumulation arguing that the fat storage phenotype is mediated
through alterations in TORC2 activity. Whether the function of
RICT-1 in lipid storage is mediated via Akt signalling is unclear
[38,39], however, the serum- and glucocorticoid-induced kinase-
1 (SGK-1) has been shown to mediate the developmental, growth,
and metabolic phenotypes of rict-1 mutants, collectively implying
that TORC2 and SGK-1 are central players in the regulation of C.
elegans lipid accumulation [38,39].4. Transcriptional regulation of lipid synthesis and degradation
C. elegans contains homologues of the main transcription factors
involved in adipocyte differentiation and lipid metabolism in
mammals. McKay et al. identiﬁed homologues of Sterol regulatory
element binding protein (SREBP) and CCAAT/enhancer binding
protein (C/EBP), named LPD-1/SBP-1 and LPD-2, respectively, and
showed that RNAi-mediated knock down of either of these genes
resulted in decreased triglyceride storage [40]. The mammalian
SREBP family consists of SREBP-1a, SREBP-1c, and SREBP-2, where
SREBP-1a and -1c are produced by alternative splicing and differ
only in the ﬁrst exon [41,42]. SREBP-2 regulates genes involved
in cholesterol synthesis. Transcriptional regulation by SREBP-1c
is conﬁned to genes involved in fatty acid synthesis and lipogene-
sis, whereas SREBP-1a is involved in transcriptional regulation of
both lipogenesis and cholesterol synthesis [41,42]. C. elegans is a
cholesterol auxotroph and since SBP-1 is the only SREBP homo-
logue in C. elegans, and by homology most closely related to
SREBP-1c, C. elegans provides a unique model system to study
SREBP functions speciﬁc to fatty acid- and lipid metabolism.
Although some SBP-1 target genes have been identiﬁed and in-
clude D9 desaturases, fatty acid elongases, fatty acid synthase,
and acyl-CoA carboxylase [40], the function of SBP-1 function in
C. elegans lipogenesis is yet to be delineated at a molecular level.
The mammalian peroxisome proliferator activated receptor
(PPAR) family of nuclear hormone receptors (NHRs) is comprised
of PPARa, PPARd, and PPARc, which are important regulators of
glucose- and lipid homeostasis as well as adipocyte differentiation
[43]. C. elegans contains 284 NHRs [44], but no sequence homo-
logues of the PPARs have been identiﬁed. However, by sequence
homology the C. elegans NHR-49 is closely related to the mamma-
lian hepatocyte nuclear factor 4a (HNF4a) but has been shown to
function much like PPARa [45,46]. PPARa is expressed mainly in
tissues with high b-oxidation rates, and it regulates the expression
of genes involved in fatty acid uptake, activation, and degradation.
Like PPARa, which is crucial in maintaining energy homeostasis
during nutrient deprivation [47], NHR-49 plays an important role
in the C. elegans nutrient response system by inducing b-oxidation
genes in response to starvation [48]. Functional loss of NHR-49 re-
sults in increased fat stores and shortened life span [46]. While the
former phenotype was suggested to be due to decreased expres-
sion of b-oxidation genes, the shortened life span was suggested
to be caused by decreased expression of fat-5 and fat-7 [46]. Inter-
estingly, a recent study showed that HNF4 regulates lipid mobiliza-
tion and b-oxidation in fruit ﬂies [49], substantiating that the
function is evolutionarily conserved.
MDT-15, the worm homologue of ARC105, a subunit of the
Mediator complex, interacts with both SBP-1 and NHR-49, and is
required for transcription of their target genes. Thus MDT-15 has
been proposed to integrate several transcriptional regulatory path-
ways to monitor the availability and the nature of ingested mate-
rials [50–52]. Another NHR, NHR-80, is expressed in the
intestinal cells and regulates the expression of the D9 desaturases
[1].
Recent work by Hashmi and Zhang et al. has demonstrated that
Krüppel-like factors KLF-1 and -3 are important for normal fat
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tain a C-terminal C2H2 zinc ﬁnger domain and have been shown to
regulate numerous cellular processes. The C. elegans genome en-
codes three Krüppel-like factors of which KLF-1 and -3 are homo-
logues to human KLF1, and KLF-2 is homologues to human KLF7
[54]. Both transcription factors are expressed mainly in the intes-
tine, and expression is highest during larval stages, indicating
developmental functions. Lack of either of these factors results in
reproductive defects and increased fat storage, and KLF-3 has been
shown to regulate the expression of several genes involved in fatty
acid synthesis and degradation [53,54].
To identify genes involved in the regulation of lipid droplet size,
Zhang et al. recently identiﬁed that loss of function of three genes
(maoc-1, dhs-28, and daf-22), encoding enzymes involved in perox-
isomal b-oxidation, results in intense staining of C1-BODIPY-C12
and enlarged lipid droplets [12]. These droplets were found to be
resistant to lipolysis by overexpression of ATGL-1 (see below)
and found to be distinct from Nile Red positive structures.
5. Triacylglycerol lipases; not only regulators of fat storage
During the past few years a number of lipases in C. elegans have
been identiﬁed and their role in lipid homeostasis elucidated
(Fig. 1). Lipases are esterases which catalyze the hydrolysis of ester
bonds in several different lipid substrates to generate free fatty
acids for energy production, synthesis of new lipids, or ligands
for NHRs [55,56]. The conventional lipases typically comprise
neutral lipid lipases, which act on triacyl-, diacyl-, or monoacylgly-
cerols or sterol esters, while phospholipases and sphingomyelinas-
es, which degrade phospholipids and sphingolipids, respectively,










Fig. 1. Lipases regulate life span in C. elegans. Several lipases, K04A8.5, LIPS-7, FIL-1, FIL
ﬁgure depicts the mechanisms by which these lipases are regulated and the pathways
germline stem cell (GSC) arrest. This phenotype depends on K04A8.5 lipase activity,
Additionally, a ctbp-1 mutant also displayed increased lifespan during well fed cond
downstream of SIR2.1 and DAF-2 but up stream of DAF-16. One of its target genes lips-7
and HSP-4, which are normally involved in the unfolded protein response, are required f
SBP-1 and CBP-1, are likewise required for FIL-1 and FIL-2 induction. The a2 catalytic
paralogue of the adipose triglyceride lipase, ATGL-1, during the dauer stage. AMPK is reg
PAR-4.which, based on sequence homology, may exhibit lipase activity
in C. elegans, only eight (K04A8.5, K08B12.1, ATGL-1, HOSL-1,
LIPS-7, FIL-1, FIL-2, and F01G10.7) have been examined in terms
of metabolic function or role in longevity in C. elegans.
As larvae enter the dauer stage, they accumulate fat in their
intestinal and hypodermal cells, which can serve as energy stores
to maintain survival [57]. It was recently shown by Narbonne
and Roy [58], that hypodermal expression of the AMP-activated
kinase a2 catalytic subunit, AAK-2, is required for both the life
span extending and fat accumulation phenotype of daf-2 animals.
Impaired expression of the C. elegans orthologue of mammalian
adipocyte triglyceride lipase (ATGL) (atgl-1/C05D11.7), but not
of the hormone sensitive lipase (hosl-1/C46C11.1) suppressed
the effect of aak-2 loss on longevity and fat storage of daf-2 ani-
mals, arguing that down regulation of lipolysis in the hypodermis
during dauer is required for slow release of energy to sustain life
span. Since AMPK was found to phosphorylate ATGL-1 primarily
at serine 303 in vitro, and to be regulatorily important and re-
quired for normal fat storage in worms, the authors suggested
that increased AMPK signalling during dauer leads to phosphor-
ylation and inhibition of ATGL-1. This leads to reduced hydrolysis
of TAGs in the hypodermis to ensure the controlled release of
stored energy that is required for increased life span in the ab-
sence of adequate nutrients [58]. To this end, it is notable that
a certain TAG lipase (F01G10.7) is differentially induced during
short-term and long-term dauer [59], e.g. the activity is highest
at the dauer entry commitment point of short-term dauer, while
F01G1.7 is most highly expressed during the dauer-maintenance
stage of long-term dauer larvae [59]. These observations indicate













-2, and ATGL-1, have been demonstrated to inﬂuence the lifespan of C. elegans. The
by which they affect longevity. Well fed animals were shown to live longer during
which was suggested to be promoted by the KRI-1/DAF-16 signalling pathway.
itions. It was proposed that this NAD(H)-dependent corepressor, CTBP-1, acted
encodes a lipase and is required for the increased life span of ctbp-1 mutants. IRE-1
or expression of FIL-1 and FIL-2 during starvation. The two transcription regulators,
subunit of AMP-dependent kinase (AMPK) regulates the activity of the C. elegans
ulated by AMP levels and by phosphorylation by human homologue of LKB1 kinase
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results in reduced lipid accumulation assessed by Nile Red, C1-
BODIPY-C12, and Sudan Black staining [27]. Through RNAi knock
down of a putative lipase, encoded by the K04A8.5 gene, the
low-fat phenotype and the long life span of glp-1 animals, defective
in germline proliferation, was partially suppressed. The facts that
K04A8.5 expression was induced in the gut of animals defective
in germline proliferation, and forced expression of K04A8.5 in
intestinal cells reduced lipid accumulation argue that this lipase
functions in lipid storage tissues rather than in endocrine or germ-
line stem cells (GSC) to regulate lipid hydrolysis and life span of
germline deﬁcient animals. Reduced expression and nuclear trans-
location of DAF-16 was found to suppress K04A8.5 expression and
restored lipid accumulation in glp-1 animals. This and the fact that
K04A8.5 expression was enhanced in animals with impaired insu-
lin signalling imply that DAF-16 regulates the expression of this li-
pase. Although its activity and speciﬁcity as a lipase has not been
resolved, the K04A8.5 gene product is suggested to hydrolyze lip-
ids to provide energy required during extended longevity [27].
However, K04A8.5 is homologous to Tgl1, which has been shown
to localize to lipid droplets and to have sterol hydrolase activity
in the yeast Saccharomyces cerevisiae [60]. Thus, it cannot be ex-
cluded that K04A8.5 is active as a sterol ester lipase, which regu-
lates the ratio between unesteriﬁed and esteriﬁed sterols.
C-terminal binding protein (CtBP) is an evolutionary conserved
NAD(H)-dependent transcriptional co-repressor. As its interactions
with transcription factors is sensitive to alterations in the NAD+/
NADH ratio, CtBP has been suggested to act as a cellular sensor
of the redox state. Loss of function of the C. elegans homologue
CTBP-1 results in increased longevity and stress resistance [61].
By global gene expression analysis the putative TAG lipases
K08B12.1 and lips-7 were identiﬁed to be up regulated in a ctbp-
1mutant, however, only the latter was shown to be required for in-
creased life span of ctbp-1 animals. Impaired lips-7 expression re-
sults in increased TAG levels in both wild type as well as ctbp-1
animals as determined by Nile Red staining and high-perfor-
mance-liquid chromatography [61].
Two intestinal lipases, FIL-1 and FIL-2, were recently identiﬁed
to be induced during starvation via a pathway dependent on IRE-1
and HSP-4 [62]. IRE-1 has been described as a regulator of the un-
folded protein response, and HSP-4 functions as an ER-chaperone,
which also regulates the activity of IRE-1. The transcription factors
SBP-1 and CBP-1 were also required for the increased expression of
FIL-1 and FIL-2 during starvation. Functional loss of either ire-1 or
hsp-4 resulted in decreased motility, longevity, and oxygen con-
sumption during fasting, arguing that ire-1 and hsp-4 animals fail
to degrade TAGs to produce the required energy necessary to
maintain normal motility. Consistently, fat levels were found to de-
crease during fasting in an IRE-1- and HSP-4- dependent manner, a
phenotype that could be suppressed by decreased expression of ﬁl-
1 or ﬁl-2. In line with these observations, overexpression of these
lipases was found to decrease TAG levels in fasting hsp-4 and ire-
1 mutants [62].
Even though only a few of the annotated lipases have been
functionally characterized in C. elegans and their in vitro activity
and speciﬁcity determined, the recent studies clearly argue that
longevity is tightly linked to turnover and degradation of neutral
lipids at speciﬁc developmental stages of the worm.
6. Tools to examine lipid storage in C. elegans
6.1. Monitoring lipid stores by microscopy-based methods
The transparent nature of C. elegans makes it an ideal model
organism to monitor lipid storage in either live or dead animals.The fat stores in intestinal and hypodermal cells have been visual-
ized directly by staining with Sudan black or Nile Red dyes, or with
BODIPY-labelled fatty acids, and such studies have facilitated the
genetic analysis of lipid regulation. However, the validity of these
lipid staining methods have recently been challenged. Therefore,
prior to choosing among the available microscopy methods to
monitor lipid storage, it is important to carefully consider their
advantages and caveats (Fig. 2). This part of the review presents
some of the most commonly used methods used for quantifying
C. elegans lipid storage, and their advantages and disadvantages.
6.2. Staining lipid stores in C. elegans with Nile Red and BODIPY-
labelled fatty acid analogues
Through the last decade Nile Red (9-diethylamino-5H-
benzo[a]phenoxazine-5-one) has been one of the most popular
dyes to monitor lipid storage in (live) worms. Due to its solubility
and ﬂuorescent properties in hydrophobic environments it was
originally identiﬁed to label lipid stores [63] as well as lysosomal
phospholipid inclusions [64]. The spectral properties of Nile Red
are highly dependent on the polarity of the lipid environment as
characterized by a shift in the emission maximum from red
(628 nm) when embedded in phospholipid vesicles to yellow-gold
(580 nm) with increasing concentrations of neutral lipids such as
TAGs or cholesteryl esters [65,66]. Thus, the use of appropriate
band pass ﬁlters is highly detrimental to the outcome of Nile Red
based experiments. Furthermore, it has been suggested that the
Nile Red red/yellow ratio enables discrimination of different lipids
and is a more valid measure of TAG storage than monitoring Nile
Red ﬂuorescence at a small range of wavelengths [66]. Several lab-
oratories have used Nile Red to describe how genetic and meta-
bolic perturbations affect lipid accumulation in C. elegans. In
particular, through genome-wide RNAi gene knock down studies
Ashraﬁ et al. identiﬁed nearly 400 genes to either negatively or
positively affect lipid storage in C. elegans. Of these the lipid pheno-
type of selected genes was conﬁrmed biochemically by thin-layer
chromatography (TLC) and GC [22]. Recently, Nile Red staining
on ﬁxed animals was put forward as a technique that provides a
more accurate visualization of lipid stores compared to staining
of live worms [11]. Brooks et al. found that Nile Red staining of live
animals overestimates lipid stores in egl-4 (gain of function) and
tub-1 mutants, whereas glo-1, daf-2, and daf-7 mutant lipid stores
were under estimated compared to quantitative TLC–GC
measurements.
BODIPY (4,4-diﬂuoro-3a,4adiaza-s-indacene) is a intrinsically
lipophilic ﬂuorophor, which has been widely used to label a broad
range of lipids including fatty acids, phospholipids, cholesterol,
cholesteryl esters, and ceramides. The fatty acid analogue C1-BOD-
IPY 500/510 C12 (onwards denoted C1-BODIPY-C12) forms
excimers and exhibits red-shifted ﬂuorescence emission when
incorporated into living cells (excitation/emission 508 nm/
514 nm). BODIPY-labelled ﬂuorescent long-chain fatty acid ana-
logues are incorporated into cellular lipids including neutral lipids
in both mammalian cells [67,68] and in parasites [69], implying
that they experience native-like transport and metabolism in cells,
and hence can act as effective probes of lipid trafﬁcking. Although
it is unknown to which degree it gets incorporated into cellular lip-
ids in C. elegans, BODIPY-labelled long-chain fatty acids have been
used to probe fatty acid uptake and lipid storage in C. elegans
[10,22]. The properties of BODIPY-labelled long-chain fatty acids
as a vital dye has, along with Nile Red, alleviated the genetic anal-
ysis of fat regulation and metabolism in worms [22]. However,
O’Rourke et al. reported that these vital dyes stain acidic lyso-
some-related gut granules rather than fat stores when applied
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Fig. 2. Microscopy-based tools used to monitor triacylglycerol storage in C. elegans. The dye structure or principle of the methodology is shown in the left column. An image of
lipid stores in C. elegans obtained by the corresponding method is shown in the middle column. A summary of the advantages and drawbacks of the method are listed in the
right column. See the text for further details.
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life span, growth rate, or pharyngeal pumping of the worm [22].
6.3. Visualization of lipid stores in ﬁxed tissue
Sudan Black B ((2,2-dimethyl-1,3-dihydroperimidin-6-yl)-(4-
phenylazo-1-naphthyl)diazene) is a fat-soluble diazo dye, which
has been widely used to complement other staining methods in
the examination of lipid storage in C. elegans [22,27,30,32,71]. After
paraformaldehyde ﬁxation and permeabilization, worms are rehy-
drated in ethanol of increasing concentration followed by dye
staining and destaining. Black-stained fat droplets are visible in
the intestinal and hypodermal cells by standard dissection micros-
copy. However, even slight variations in the ﬁnal destaining step
have been found to signiﬁcantly affect staining intensity, making
this method quite error prone [70]. Although time consuming, for
quantitative comparisons between genotypes, animals are often
ﬁxed and stained with both ﬂuorescein isothiocyanate and Sudan
Black to allow for internal standardization [32,35]. Notably, Sudan
Black B has also been used to stain other cellular components like
chromosomes and leukocyte granules [72,73].
Oil Red O, formerly known as Sudan Red 5B, is a fat-soluble dia-
zo dye, which has been commonly used to stain lipid droplets in
mammalian cells and tissues but has only recently been applied
to visualizing lipid stores in C. elegans [39,70]. Ruvkun and co-
workers have recently found that Oil Red O staining shows better
correlation with biochemically determined TAG levels compared
to Nile Red ﬂuorescence, and that both C1-BODIPY-C12 and Nile
Red co-localize with lysotracker stained structures [39,70].
Although this questions the use of Nile Red and BODIPY stains to
monitor lipid stores in C. elegans, it is yet to be proven that Oil
Red O actually stains lipid stores in C. elegans. Notably, Oil Red O
has the ability to stain cellular structures in non-adipogenic cell
lineages depending on solvent used [74].
In contrast to epiﬂuorescence- and confocal ﬂuorescence
microscopy techniques, electron microscopy (EM) of C. elegans pro-
vides detailed information of subcellular structures. Traditional
transmission electron microscopy (TEM) involves ﬁxation of ani-
mals by glutaraldehyde and/or paraformaldehyde prior to embed-
ding and sectioning of ﬁxed animals, osmium tetraoxide (OsO4)
staining, and imaging on an electron microscope [75]. Such stan-
dard ﬁxations methods are often adequate for most applications,
however, since cellular structures often are distorted during ﬁxa-
tion [75] and lipids lost during standard tissue ﬁxation [76], meth-
ods like High Pressure Freezing should be considered to avoid
potential misinterpretations [77]. Nevertheless, using paraformal-
dehyde-microwave ﬁxation and OsO4 staining, McKay et al. could
show by EM that knock down of sbp-1 results in fewer lipid drop-
lets in the intestinal cells compared to control animals, which is
consistent with a concomitant loss of Nile Red ﬂuorescence [40].
6.4. Labelling-free visualization and quantiﬁcation of lipid stores
All of the above-mentioned methods are in some way invasive,
and the procedure or the dye itself may in some cases affect the
staining. One of the emerging methods for examining C. elegans
fat stores in a non-invasive manner is the coherent anti-Stokes
Raman scattering (CARS) microscopy technique [71,78,79]. The
strength of this method is that it does not require labelling as it
relies on the characteristic vibrational properties of C–H bonds
within the lipid moieties. CARS signals arise from all lipid-rich
structures including cell membrane, cellular organelles, free lip-
ids, yolk lipids, and lipid droplets. However, as the CARS signal
at 2840 cm1 scales quadratically with the concentration of CH2
groups, signals from lipid droplets in both intestinal and hypoder-
mal fat stores stand out due to tight packing and high localconcentration [79]. Consistent with previous observations with
Nile Red-, and Sudan Black staining, and EM [22,40], Le et al. have
recently used CARS microscopy to show that reduced expression
of SBP-1 depletes neutral lipid stores [79]. The degree of lipid
unsaturation within the lipid droplets of various D9 mutants
was also identiﬁed to be in accordance with previous biochemical
ﬁndings [80], underlining that this methodology can also be used
to monitor the ratio of saturated to unsaturated fatty acids. The
discrepancy between the use of Nile Red and other staining meth-
ods to visualize lipid stores in C. elegans was corroborated by
Mörck, Olsen et al., who showed that Nile Red-stained structures
only partly co-localized with CARS signals from lipid droplets
[71].7. Biochemical and biophysical methods to examine lipid stores
7.1. Enzymatic determination of TAG levels
While most of the microscopic and biophysical methods to
determine TAGs rely on the presence of intact lipids, the enzymatic
method takes advantage of enzymatic hydrolysis of TAGs to release
glycerol, which can subsequently be determined in a coupled enzy-
matic assay. Enzymatic determination of lipids is well established
in the diagnostics of various disorders of lipid- and glucose metab-
olism including primary and secondary hyperlipoproteinemia,
dyslipidemia, triglyceridemia, and diabetes. The released glycerol
is phosphorylated by glycerol kinase to produce glycerol-3-phos-
phate, which is oxidized to dihydroxyacetonephosphate in a reac-
tion that also produces hydrogen peroxide. Hydrogen peroxide
subsequently reacts with 4-aminoantipyrine and N-ethyl-N(3-sul-
fopropyl)-m-anisidine to produce a purple-coloured product (quin-
oneimine), which can be determined by spectrophotometry at
540 nm [81]. Okazawa and co-workers used TLC, Nile Red staining,
and enzymatic determination to describe how loss of the worm
homologue of PQBP1, a mental retardation causative gene, results
in reduced levels of TAGs [82]. Besides Nile Red staining, Jo et al.
also applied enzymatic measurements of TAGs to identify a role
of the two fasting induced lipases (FIL), FIL-1 and FIL-2, in fat stor-
age during starvation [62]. Finally, Kurzchalia and co-workers used
both Nile Red staining, MS, and enzymatic assays to show that loss
of a 3-ketoacyl-CoA reductase, encoded by let-767, reduces the TAG
content to approximately 50% of wild type animals.
7.2. TLC
TLC has routinely been applied to analyze lipids including fatty
acids, phospholipids, sphingolipids, steroids, and TAGs. For analysis
extracted lipids are applied on to silica gel G plates, which are sub-
sequently developed in an appropriate solvent system optimized
for separation of particular lipids. Several methods are used to de-
tect lipids, where detection of lipid spots by iodine vapor repre-
sents a rapid and non-destructive method. Alternatively, lipids
can be stained by spraying plates with primuline, which then can
be detected by ﬂuorescence scanning. Charring of the lipids after
staining with, e.g. cupric sulphate or manganese chloride allows
detection as low as 1 lg of lipid, however these methods are
destructive. The technique is straightforward, versatile, and highly
sensitive and can be used both qualitatively and quantitatively,
provided that appropriate standards are applied to the plate as
well. However, a caveat of this method is that the intensity of
the stained lipid is, depending on the stain, sensitive to the compo-
sition of the lipid species, as lipids containing unsaturated fatty
acids stain more intensively compared to more saturated lipids
[83]. This technique was used to demonstrate that C. elegans trea-
ted with serotonin accumulates less TAG compared to untreated
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Black staining [35]. Zhang et al. used TLC to illustrate the impor-
tance of peroxisomal b-oxidation and dietary factors in the regula-
tion of TAG levels in C. elegans [12].
7.3. High-performance liquid chromatography (HPLC)
Although TAGs from natural sources may contain a wide range
of fatty acids, the TAG molecular species can be separated by re-
versed-phase high-performance liquid chromatography (rp-HPLC)
with a hydrophobic stationary phase and with various mobile
phases and subsequently detected and quantiﬁed by ﬂuorescence
detection, light scattering, or MS [84]. In conjunction with Nile
Red staining of lipid stores, this approach was recently used to de-
scribe how loss of a dynamic cycle of O-linked-N-acetylglucosa-
mine modiﬁcation of proteins in C. elegans results in reduced
storage of macronutrients including TAGs [85,86]. A similar strat-
egy was used to show that loss of CtBP results in decreased TAGs
levels (see above) [61].
7.4. GC and GC–MS
The fatty acid composition of total lipids in C. elegans can be
determined by direct trans-methylation of lipids followed by GC
and MS without prior lipid extraction [3,8,46,87,88]. Quantiﬁcation
of TAGs by GC not only requires extraction of total lipids but also
prior separation of the TAG species, which can be achieved by
either TLC or solid-phase extraction (TLC/SPE). However, addition
of an internal TAG standard at extraction start allows for quantiﬁ-
cation of each lipid species, and minimizes variability of the meth-
odology. By combining TLC with GC, Ashraﬁ et al. conﬁrmed that
daf-2 and tph-1 mutants contain approximately three- and two-
fold more TAG than wild type, respectively, which was also deter-
mined by Nile Red ﬂuorescence microscopy [22]. Similar ap-
proaches were used to show that simultaneous loss of fat-6 and
fat-7 results in decreased TAGs [1].
As mentioned, Perez and Van Gilst established a heavy isotope
labelling technique to examine de novo synthesis and dietary up-
take of fatty acids [4]. This method is based on a mixed isotope
strategy where C. elegans feeds on a bacterial diet consisting of
equal amounts of 13C-enriched and 12C-enriched E. coli. Post lipid
extraction, GC–MS analyses of the fatty acid composition of total
lipids or of solid-phase enriched TAGs or phospholipids determines
how much either de novo synthesis and/or dietary uptake contrib-
ute to the amount of speciﬁc fatty acids within speciﬁc lipid spe-
cies. Perez and Van Gilst elegantly showed that palmitic acid is
primarily obtained from the bacterial diet, while de novo fatty
acids synthesis plays a more predominant role in the synthesis of
both mono- and polyunsaturated fatty acids. Moreover, they could
also show that daf-2 worms contain approximately twice as much
TAGs compared to wild type animals, which is primarily a result of
increased de novo fatty acid synthesis. As other daf-2 phenotypes,
the effect on de novo synthesis could clearly be reversed by daf-16
inactivation, arguing that the insulin signalling pathway inhibits de
novo fatty acid synthesis in a DAF-16-dependent manner.8. Discussion
In this review we have described known biochemical mecha-
nisms regulating TAG accumulation in C. elegans as well as the
methods used to evaluate it. At the moment, the ﬁeld of fat accu-
mulation research in the context of C. elegans suffers from the
uncertainties associated with the nature of the lipid storage com-
partment, the techniques used to measure TAG content, and dis-
crepancies in the data obtained by lipid staining methods.Furthermore, there seems to be a tendency towards accepting pro-
posed protein functions based on homology to their mammalian
counterparts only, stressing the need for further biochemical char-
acterization of regulatory components and enzymes to further un-
ravel the network of fat regulatory mechanisms.
To this end, vital dyes such as C1-BODIPY-C12 and Nile Red
have until recently been considered as the primary choices in
staining fat stores in C. elegans. However, it has been suggested that
ﬁxation prior to Nile Red staining of C. elegans is required to avoid
underestimation of the lipid content [11], but also that both Nile
Red and C1-BODIPY-C12 localize to lysosome-related organelles
[70]. The latter is supported by the fact that loss of lysosome bio-
genesis results in mislocalization of Nile Red-stained lipids into
the intestinal lumen [89]. On this basis, it has been argued that
these dyes are not applicable to stain lipid droplets in C. elegans
[70]. Moreover, Nile Red ﬂuorescence has been found to only par-
tially co-localize with CARS signals [71]. Since Oil Red O staining of
C. elegans post-ﬁxation was found to correlate better with bio-
chemical measurements of lipid content and not to co-localize
with lysosomal protein markers, Oil Red O was proposed to be a
more valid stain for lipid stores in C. elegans [70]. However, not
only have both alcohol washing and dehydration (inherent parts
of the Oil Red O staining procedure) been shown to extract almost
all neutral lipids from ﬁxed amoebae [90,91], saturated fatty acids
are poorly ﬁxed due to low cross linking efﬁciency [92]. Thus, it
cannot be ruled out that the lipid stores are depleted during Oil
Red O staining, and hence that Oil Red O stains other cellular com-
partments and structures in ﬁxed worms. Moreover, in contrast to
Nile Red staining both Oil Red O and Sudan Black staining of HepG2
cells alters the morphology of lipid droplet by causing them to fuse,
which was shown to be due to the use of alcohol during staining
[93]. Thus, other than pointing out the limitations of ﬁxation pro-
tocols, this underlines the need for further investigating the appli-
cability of Oil Red O staining as a marker of fat storage in C. elegans.
Conversely, Nile Red and C1-BODIPY-C12 have been used as
markers for lipid droplets to successfully identify genetically con-
served metabolic pathways [12,22,40,94]. However, some of the
discrepancies in using Nile Red as a lipid marker may originate
in the spectral properties of Nile Red as its ﬂuorescence emission
maximum shifts from red to yellow, correlating with the level of
hydrophobicity of lipids [65,66]. For instance, the Nile Red-stained
cultured smooth muscle cells exhibit numerous small discrete
droplets distributed throughout the cytoplasm when imaged with
a 528 nm long pass emission ﬁlter, while the droplets are not read-
ily resolved when a 590 nm long pass emission ﬁlter is used [63].
Notably, the red/yellow emission ratio of Nile Red-stained lipid
droplets is more or less constant between droplets, suggesting that
the red/yellow emission ratio is diagnostic of the hydrophobicity of
the lipid environment and that such a ratiometric methodology
could be an interesting alternative to the commonly used mono-
chromatic approach [66]. Finally, the recent work by Zhang et al.
describing a role for peroxisomal b-oxidation in lipid storage, also
suggests the presence of at least two types of lipid droplets, imply-
ing that Nile Red just stains a particular type of lipid droplet [12].
Staining of lipid stores by Sudan Black suffers from similar con-
cerns as Oil Red O, as ﬁxation can extract lipids from the tissue.
Moreover, compared to other protocols the method is time con-
suming and is associated with some variability [70], making this
method less attractive. EM provides unparalleled resolution of cel-
lular structures, however, since traditional ﬁxation can distort cel-
lular structures and lead to lipid extraction [75,76], high pressure
freezing prior to staining should be applied. Zhang et al. [12] have
used high pressure freezing and EM to elegantly show that spher-
ical intracellular structures stained by Oil Red O and C1-BODIPY-
C12 resemble lipid droplets enclosed by a phospholipid monolayer
























Fig. 3. Overview of strategies and common methods to examine triacylglycerols used in C. elegans studies. The microscopy strategies can be roughly divided into non-
labelling and labelling methods. So far, CARS (coherent anti-Stokes Raman scattering) is the only non-labelling method. If the strategy is labelling of lipid stores, there are two
choices: Fixative (including electron microscopy, Sudan Black, Oil Red O, and LipidTOX) and non-ﬁxative dyes (the most popular being C1-BODIPY-C12 and Nile Red). The
biochemical strategies include direct trans-esteriﬁcation followed by GC and/or MS analysis or lipid extraction with subsequent trans-esteriﬁcation or puriﬁcation and
analysis using thin-layer chromatography (TLC)/solid-phase extraction (SPE), or high-performance liquid chromatography (HPLC) in combination with gas chromatography
(GC) and mass spectrometry (MS). Finally, triacylglycerols can also be quantiﬁed enzymatically.
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ject to less variability, and should therefore complement micros-
copy-based experiments whenever the aim is to describe how
genetic or environmental perturbations affect lipid metabolism in
C. elegans. Putative strategies on how to analyze TAG storage in
C. elegans are shown in Fig. 3.
The understanding of lipid storage and lipid droplet biology in
other eukaryotes has greatly beneﬁtted from large scale proteomic
studies of isolated lipid droplets, which have lead to the identiﬁca-
tion of several proteins speciﬁcally localized to this cellular sub-
compartment and to their subsequent use as lipid droplet speciﬁc
markers [96]. Such an approach applied on C. elegans could poten-
tially lead to the identiﬁcation of markers, which can serve as tools
to study lipid droplet biology and the regulation of lipid metabo-
lism in C. elegans.Acknowledgements
CARS images were kindly provided by Thuc T. Le (Purdue Uni-
versity, Indiana, USA).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2010.03.046.
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